Does the size of institution or system affect the amount of recognition it receives, the impact it has on others and the degree to which it collaborates? Is it possible to optimise size to maximise recognition, impact and co-operation? This paper demonstrates that some conventional indicators used in research evaluation may fail to account for the non-linearity between size and performance. This can result in an over-and under-estimation of the research performance of both large and small institutions and nations. This paper shows that a power law relationships exists between recognition or impact and (a) the publishing size of scientific communities within an OECD science system and (b) the publishing size of a research community across OECD science systems or institutions in a science system. Also, a power law relationship exists between the amount of various types of collaboration and the publishing size of institutions. It also shows that there are power law relationships between publishing size and HERD or number of researchers. The exponent of the power law is sometimes greater than 1.0 indicating the existence of a "Matthew effect". Other times it is less than 1.0 indicating an "inverse Matthew effect". A power law is the common signature of a scale-independent process that can be typified by a geometric fractal and other self-similar properties. A new class of scale-independent indicators is developed to overcome the inequity produced by some non-linear characteristics commonly measured when evaluating research performance.
Introduction
Invariably an evaluation of national and international scientific activity includes bibliometric measures of
• size -number of published papers,
• recognition -number of citations to papers,
• impact -citations/paper,
• collaboration -number of co-authored papers. 1 These measures are called bibliometric indicators. An extensive discussion of the advantages and limitations of these types of indicators is given in Katz and Hicks (1997b) . 2 HERD = Higher Education Expenditure on R&D 3 A power law relationship is described by y = ax n where a is a constant and n is a real number.
The advantages and limitations of these measures are thought to be well understood (Katz and Hick, 1997a) . It is widely believed that the number of papers published by a group, institution or nation is a partial indicator of its size and that the impact of the research is a partial measure of the research quality and it is independent of size. In fact the relative citation impact indicator (RCI) that is derived directly from the measures of size and recognition and will be discussed in detail later is used to compare the research impact of groups, institutions and nations in a scientific field. For example, Robert May (e.g. 1997) used the RCI to support his argument that better value for money might be associated with performing basic research in universities rather than in research institutions. Also, the HEFCE-commissioned bibliometric study of English HEIs compared the RCI to scores received in the research assessment exercise (Adams et al., 1998) .
The RCI of a scientific community in a country is determined by taking the ratio between the impact of the publications in the field that involve authors from the country of interest and the impact of all publications in the field. It is given by the following relationship RCI i = country i impact/world impact = I i /I w (1) where impact I = citations/paper. A similar measure is used to compare groups and institutions. Traditionally the impact indicator is considered to be robust. Its use is based on the assumption that the number of citations a collection of papers receives is independent of the collection size. Generally, the RCI is only used to compare the impact of national science systems in a given research field. It is rarely, if ever, used to compare the impact of different research fields within a science system or across national science systems. The reason for this is that it is assumed that the citation patterns and culture vary from field to field thus making impact incomparable across research areas. However, the assumption that the number of citations is independent of publishing size may be incorrect. In fact, there may be a strong relationship between the size of a group, institution and nation and the amount of recognition it receives, the impact it has on others and the degree to which it collaborates with other groups, institutions or nations.
This paper will show that the recognition and impact of an institution, community or nation and the amount of institutional collaboration in a national science system increases in a power law relationship or scale-independent 4 manner with the size of the institution, community or nation. It will suggest that these scale-independent phenomena probably extend all the way from the level of the research group, and perhaps the individual, through to the level of the institution, nation and the global scientific enterprise. It advocates that research evaluation must develop new indicators that adjust for effect of size on recognition, impact and collaborative activities when comparing the performance of groups, institutions and nations.
Recognition and size
In two recent papers the author showed that a power law relationship 5 existed between recognition (citations) and size (papers) across: a) scientific communities 6 within a science system (Katz, 1999a) b) science systems for a specific scientific community (Katz, 1999b) And in this paper it will be shown that the relationship also holds across: c) institutions in various sectors within a science system. 4 Given y = f(x) and y' = f(sx) then a scale-independent relationship is one that satisfies y/y' = s n . 5 The power law is given by c = kp n where c is citations, p is papers and k is a constant. A linear relationship (i.e. n=1) is a special case of a power law. 6 A community is defined as a group of researchers that publishes papers in the same set of journals (see Katz, 1999a for details)
Let us examine each of case separately. Figure 1 illustrates the power law relationship between recognition and size for scientific communities 7 within the world science system. It is a plot of refereed papers 8 indexed in the Science Citation Index (SCI) between 1981 and 1992 and the citations received by those papers between 1981 and 1994 counted using a fixed 3-year citation window 9 . The relationship observed between citations, c, and papers, p, is given by equation 2 c = k p 1.27 ± 0.03 (2) where k is a constant.
Recognition and the size of scientific communities within a science system
Also, it has been demonstrated ( Table 2 ) that the exponent of the power law relationship was relatively constant over time and it is reasonably constant for a number of OECD science systems and institutional sectors within the UK science system [Katz, 1999a] . Although not identical the national exponents are similar to the world exponent and have R 2 values between 0.89 and 0.94. This indicates that the relationship between the amount of recognition and the size of scientific communities within a science system is scale-independent i.e. there is no maximum size for a scientific community that will produce a optimum amount of recognition. In fact these communities are part of a self-similar national system that in turn is part of the self-similar or fractal global scientific enterprise (Katz, 1999a) . Recall we are using citations as a partial indicator of scientific recognition. The data also suggest that there is a strong "Matthew effect" 10 (Merton, 1968) . Essentially this means a scientific community experiences a non-linear increase in the amount of recognition it receives as its size increases. For example, in the world or UK science system each time the 7 A scientific community corresponds to one of the 152 ISI subject categories (see Katz, 1999a for details). 8 These data were purchased from ISI for a NERC project. Only article, note or review publication types were counted 9 Current year of publication plus the subsequent two years 10 Robert K. Merton named the Matthew Effect, after the Gospel According to St. Matthew: "For unto every one that hath shall be given, and he shall have abundance; but from him that hath not shall be taken away even that which he hath." ). Size does matter; it affects recognition. Figure 2 illustrates that a power law relationship exists between recognition and size for six scientific communities 11 calculated across national science systems. Only those science systems that published at least 10 papers between 1994 and 1998 in the field were used in the analysis. These data were derived from the deluxe version of ISI ® 's National Science Indicators on Diskette (NSIOD) version 1.5. Figure 2 is a plot of refereed papers 12 indexed in various ISI databases 13 between 1994 and 1998 and the citations received by those papers between 1994 and 1998 counted using a variable 5-year citation window 14 . The power law relationship observed between recognition and size in these instances have exponents that range from 1.14 to 1.21 and they have R 2 values that range from 0.91 to 0.95. Again the "Matthew effect" can be quite strong witnessed by the fact that on average the amount of recognition can increase by 2.2 to 2.3 times if the size of the community is doubled. Table 3 gives the exponent for the power law relationship between recognition and institutional size calculated for institutions in various UK sectors and scientific disciplines. 16 sectors. A journal classification scheme was used to assign papers to one of four scientific disciplines [Katz and Hicks, 1995] : life sciences, natural sciences, engineering & material sciences, and multidisciplinary sciences. In this analysis a fixed three-year window was used to count citations. Also only institutions that published at least one paper each year between 1981 and 1994 and received at least one citation within the three-year citation window were used. Note that relatively few medical institutions published papers in the natural and engineering & materials sciences and therefore the exponent was not computed for these cases. Again the power law relationship between size and recognition is evident and the Matthew effect is quite strong. On average if an institution in the UK science system doubles its size it can expect its recognition to increase by 2.19 times (i.e. 2
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1.13 ± 0.02 ). However, if a medical institution doubles its publishing size in the life sciences it can expect to increase its recognition on average by 2.27. A doubling in the size of an educational institution's publishing size in the natural sciences can earn it an average increase in recognition of 2.33 times. To put this in another context, the University of Sussex published 2,370 papers in the natural sciences between 1981 and 1994 while the University of Cambridge published 9,275 or 3.9 times as many papers. On average Cambridge should expect to receive 5.2 times (3.9 1.22±0.02 ) as many citations as Sussex. In fact it received 5.0 times as many citations indicating that the University of Sussex was doing better than expected given its size. In comparison the conventional impact indicator shows that while Cambridge earned 5.71 citations/paper the University of Sussex received 4.51 citations/paper. Given that size can affect impact how should we measure the impact of a group, institution or nation's research effort? We will look at this question shortly.
Impact and size
Traditionally impact is the basic bibliometric indicator that is used in bibliometric comparisons of research performance. The impact of a collection of papers is determined by taking the ratio between the amount of recognition (citations) received by the collection and the size of the collection (papers). In other words the impact, I, is given by
where p is papers and c is citations. While impact is not a direct or absolute measure of the average quality of the research in the collection it has been shown to exhibit a significant correlation with the quality.
The value of the impact measure is based on the assumption that recognition and size are independent variables and that the resultant impact measure is independent of size. However, we can see from the cases that we have examined that this assumption is wrong. Papers and citations are not independent variables. For example, using equation 2 from case (a) we can derive equation 4 I = c/p = kp 0.27 ± 0.03 (4) This equation indicates that the impact increases in a power law relationship to the numbe of published papers. Impact is not normalised for publishing size. In fact it varies in a scaleindependent manner with publishing size. As mentioned earlier, the traditional comparative measure of impact is the relative citation impact (RCI) given by equation 1. Since this measure is derived directly from the impact measure we can conclude that it also varies in a power law relationship with size.
Collaboration and size
Research collaboration appears to be the rule and not the exception. For example, by 1995 50% of all scientific papers involved 2 or more authors and 30% involved institutions in 2 or more countries 17 . In 1994 88% of all UK education papers involved two or more authors and 55% involved two or more institutions. They collaborated with other domestic institutions on 34% of their papers and with international partners on 20% of their papers. But is there a relationship between collaboration and size? Is the Matthew effect also at work in cooperative research too?
Using data for UK educational 18 institutions derived from the BESST database the relationship between the publishing size of an institution and the frequency of occurrence of various types of collaboration was investigated. Collaborations were determined using the information given in the corporate address field of each paper indexed in the SCI and they were classified into various types given in table 4. Collaborative papers were "whole counted", meaning that the data were based on counts of papers that list an address from at least one institution in that sector 19 . The counts were interpreted as the number of papers in which a sector or institution participated. This is a straightforward and intuitive method of interpreting publication counts in an age of increasing collaboration. This method does not involve auxiliary, unproven assumptions about the amount of work represented by authorship on a paper and it is a method that facilitates analysis of this most important component of scientific output by making it visible.
Only collaboration for UK educational institutions that published at least one paper each year during the fourteen-year time interval were examined in this analysis. Ninety-six institutions met this criterion. A power law relationship was found between the amount of collaboration of various types and the size of the institutions. The results are summarised in Table 5 and they are ordered in ascending order of the value of the exponent.
The amount of collaboration shows a scale-independent relationship with institutional publishing size. However, unlike recognition and impact the amount of collaboration does not always exhibit a "Matthew effect". In fact, it appears that smaller educational institutions have a greater propensity than larger institutions to collaborate domestically, particularly with industrial partners and other educational institutions (i.e. exponent < 1.0). On the other hand larger institutions have a greater propensity than smaller institutions to collaborate internally and internationally (i.e. exponent > 1.0). Inter-sectoral and multiple author collaborations tend to increase linearly with size (i.e. exponent = 1.0). At the beginning of the period smaller countries had a greater propensity to collaborate than larger countries. This non-linearity has decreased somewhat with time but it still exists. Again we see the "inverse Matthew effect" at work.
Summary
It has been demonstrated that recognition and impact increase in a power law relationship with the size of an institution, community or nation. Collaboration exhibits a power law relationship with the size of an institution. In other words these characteristics are scaleindependent. They do not exhibit a maximum at some optimum size. Recognition and impact appear to exhibit a "Matthew effect" demonstrated by the fact that the exponent of the power law is greater than 1.0 in the examples that have been presented here. On the other hand while some types of collaboration exhibit a "Matthew effect" others types exhibit the inverse effect.
Before we address the question of how to construct an impact indicator that is properly adjusted for size let us consider the factors that govern the magnitude of the exponent in the power law relationships.
Factors governing the magnitude of a power law exponent
At the simplest level of interpretation the exponent of the power law is a measure of the linearity of the relationship between the dependent and independent variables -in this case the relationship between recognition, impact, collaboration and size. If the exponent is equal to 1.0 then there is a linear relationship between the variables. If the exponent is less than 1.0 then the dependent variable does not increase as rapidly as the independent variable. For example a doubling in size produces less than a doubling in the amount of recognition. If the exponent is greater than 1.0 the dependent variable increases faster than the independent variable. For example, a doubling in size produces more than a doubling in the amount of recognition.
What factors influence the magnitude of the exponent? We could ask what factors influence size and what factors besides size affect recognition, impact and collaboration. The dilemma we face using this approach is that all of these characteristics are influenced by many common factors. For example, funding is a fundamental factor that can influence each of these. Money can be used to increase the size of a research group making it possible for it to increase its published output. It can be used to purchase new instruments allowing an existing research group to perform higher impact research. Or the funds could be used to collaborate with another group of highly skilled and productive researchers. Not only would this increase the effective size of the group but could increase its recognition and impact. In fact not only can size directly affect recognition, impact, and collaborative activity but each of these can also feed into the peer review process and affect size as well as each other. In essence, the exponent is a measure of the complex interplay among all the economic, social, political and cultural factors that influence the size and recognition, impact or collaboration. These factors include but are not limited to such things as funding, national and international research priorities, institutional structure, language, culture, social concerns, etc. The list is endless. Perhaps, all that can be said is that the exponent emerges from the dynamic interplay among all the factors that influence interdependent pairs of variables.
How can we adjust for the effect of size on recognition and impact?
The power relationship between citations and papers gives us a tool for developing a new type of indicator that takes into consideration the effect of size. For example, the power law relationship between citations, c, and papers, p, is given by the general equation
where n is the slope of the log-log regression line and k is a constant. Using this relationship we can calculate the expected number of citations, c e , that should be received for the publishing size, p, and the value of the exponent, n, for the system under consideration. Now using c e we can calculate the expected impact, I e , as follows I e = c e /p =kp n-1 (5)
The conventional or actual impact, I o , is given by
where c o is the observed number of citation received for p papers. The ratio between the observed impact and the expected impact gives us a measure of how much impact a field is actually having compared to the amount of impact it is expected to have given its publishing size. Let us call this ratio the adjusted relative citation impact (ARCI) and it is given by as follows:
By way of an example consider the first case that was presented. In that case we examined the relationship between recognition and size for various communities within a science system (see Figure 1) . Table 6 gives the RCI values and the ARCI for the top twenty traditional high impact ISI science fields
21
. The ARCIs for each country were calculated using the exponent of the power law relationship between recognition and size for that country (e.g. for the UK an exponent of 1.25 was used and for the US an exponent of 1.34 was used). It is worth mentioning that the ARCI has an additional advantage. Since we have adjusted the impact to compensate for the effect of size we can now make comparisons both among fields within and among systems. In other words, we can compare (a) fields of different sizes within the same system and (b) the same field across systems. In fact, in case (b) we are comparing the impact of a community of a specific size given the nature of the system in which the community resides. This occurs because we use the exponent for a given system to compute the ARCI and as explained earlier the exponent has embedded in it characteristics of the system from which it was derived as well as the characteristics of the environment in which the system interacts.
The picture that is portrayed using the ARCI is different from the one we are used to seeing using only the RCI 22 . According to the RCI indicator the US dominates world science; it has the highest RCI in 70 of the 152 fields. However, according to the ARCI the US ranks highest in only 16 fields while Germany and France rank highest in 35 fields. Interestingly, the highest ARCI in the table belongs to Germany in multidisciplinary sciences. In comparison to the RCI indicator, the ARCI indicator shows the UK maintained its lead in biophysics, shared its high rank in neurosciences with France, lost its highest rank in oncology to Australia but gained the highest rank in developmental biology from the US. 21 There are 152 fields in total 22 It is important to note that since the data that were available for this study does not cover all countries in the world a comparison could only be made between those countries for which data was available. If Japan, other European and Eastern European countries are included the number of fields in which France and Germany lead according to the ARCI values will decrease significantly. , respectively. In fact, in every instance the US loses rank. In 5 of the 6 fields the UK's ARCI surpasses the US's ARCI compared to the picture portrayed using the RCI where the US dominated the UK in 5 of the 6 fields.
Scale-independent indicators
A power law relationship between a pair of variables is given by y = kx n (8) where n is the slope of the log-log regression line and k is a constant. Using this relationship we can calculate the expected y-value, y e , for a given x and n. Now using the observed yvalue, y o , for the given x we can calculate a scale-independent indicator (SI) that is given by:
SI(x,n) = y o /y e (9) Let us explore how the UK science system looks within the context of other OECD sciences system and compared to how it is portrayed using various SI indicators compared to traditional indicators such as RCI. , and recognition & size. It is important to note that in this instance size (i.e. number of papers) includes counts of research papers in the sciences, the social sciences and arts & humanities 25 . The focus of this paper is not an evaluation of science systems but rather an illustration of how to develop scale-independent indicators. The OECD countries in Table  8 are listed in decreasing order of SI value. The traditional indicator is determined by simply taking the ratio between the two variables. For example the first set of columns explore the relationship between size and HERD. The first column within the set gives the OECD country name, the second column the SI and the third column the ratio of size and HERD (i.e. papers/$HERD). The value in the brackets in the third column is the rank determined using the ratio. The exponent for the power law relationship and the coefficient of determination (R 2 ) for the pair of variables is given at the top of the list. For example, the exponent for the power law relationship between 1994-98 papers and 1995 HERD 26 is 0.83 ± 0.06 27 and it has a R 2 = 0.88. 23 HERD is the Higher Education Expenditure on R&D in million current PPP dollars. 24 The OECD defines a researcher as a university graduate. This is not a particularly satisfactory definition of a 'researcher' but it probably as good a measure as using population values like May (1997) used. 25 Unfortunately ISI's NSIOD does not provide aggregate individual counts for the sciences, social sciences and arts & humanities that are readily accessible from the data set. Total counts for all three areas combined and for individual CC fields are more accessible. 26 For a few countries the 1995 values were not available so the most recent values were used. 27 A similar analysis was done using 1995 scientific and technical paper and 1995 GDP ($US) for 48 countries.
The exponent was found to be 0.85 ± 0.08 and R 2 = 0.72. Data source: National Science Board's Science & Engineering Indicators, 1998, Table 5 -50. On average, it appears that when the expenditure on higher education is doubled the number of research papers produced only increases by 1.78 times. The fact that the measure of size includes papers in the social sciences and the arts & humanities may contribute to the exponent being less than 1.0. Also, factors such as increasing overhead and infrastructure costs or even the idea that larger countries tend to contribute more to 'big' science projects than smaller countries could contribute to publishing size not increasing as rapidly as HERD. However, given the evidence that the exponent is less than 1.0 we can see that the Czech Republic has the highest rank determined by both the SI and ratio indicators. On the other hand the UK is ranked 2 nd by SI while it only ranked 7 th using the ratio indicator. In other words according to the SI the UK is doing quite well when its publishing size is adjusted in light of the evidence that the amount of publishing seems to decrease with HERD across OECD public research systems.
Examining the other indicators we see that the UK has a higher rank according to the SI for recognition & HERD and size & researchers than it has using the ratio indicator. In the case of recognition & size while the SI indicator ranks the UK lower than the ratio indicator (i.e. in this instance the RCI) the gap between the US and the UK is significantly lower.
A glimpse at the lower ranked countries in Table 8 indicates that the SI indicator does not automatically promote small countries to higher ranks. In fact May (1997, p. 794) made the observation about his data ".. that there is no high relative performance by a very small country. This is understandable; science has a threshold of critical size and investment."
Finally, these findings suggest that bibliometric techniques that use statistical methods to assign papers and citations derived in one classification scheme to another classification scheme may be acutely misleading. For example the Adams (1998) study assigned statistically weighted proportions of ISI's Current Contents (CC) journal papers and citations to each research assessment exercise (RAE) unit of assessment (UOA). The weighting was determined by statistically examining the mapping between journals named in the list of research outputs submitted to the 1996 RAE and the ISI's Current Contents and did not take into account the power law relationship between papers and citations. This probably produced erroneous indicators and resulted in misleading conclusions. Only through meticulous attention to detail can we build robust indicators that will properly reflect the accuracy of the information embedded in data sets like ISI's citation indices.
Some investigators may wish to attribute the non-linear relationship between recognition and size to the process of self-recognition. In other words, individuals citing their own work, colleagues citing colleagues or countryman citing countryman preferentially over those from other nations. Even if this is the case it does not negate the fact that traditional impact or RCI measures are inaccurate. Citing previous work, be it one's own work or the work of others, is intrinsic to the activity of knowledge production. In fact disseminating ideas via an 'invisible college' [Price et al., 1966] and other social networks is an effect way to transfer ideas. It is an admired and valued activity. Perhaps we could try to adjust for excessive self-citations, if we could define 'excessive'. But can we justify adjusting citation counts to account for geographical and social proximity [Katz and Martin, 1997] ? In fact, it is quite likely that these adjustments would not remove the power law relationship between recognition and size. It certainly would not affect the power law relationship between size and expenditure or between size and numbers of researchers. Perhaps we should ask ourselves if bibliometric indicators are fundamentally flawed or are they merely a reflection of the universal nature of scale-independent characteristics that may be inherent to many human activities?
Conclusions
The existence of power law distributions in some human activity has been known for nearly a century. In fact, the Pareto (1897) income distribution is one of the earliest social power laws to have been found. Scale-independent relationships have also been noted in how we use words (Zipf, 1949 ) and the productivity of researchers (Lotka, 1926) . In fact, over the past 20 years a countless number of power laws have been observed in human processes ranging from the distribution of company sizes and the fluctuations in stock prices (Mandelbrot 1997) to the flow of messages on the internet (Crovella et al, 1997 ) and movement of traffic on our highways (Buchanan, 1997) .
In research evaluation activities that go back past the landmark work of de Solla Price (1963) it has been noted that 'skewed' or power law distributions characterise many of the activities in the scientific community. However, little effort has been made to account for the non-linear impact that can arise from these distributions when comparing the research performance of groups, institutions and nations of differing size. This paper has demonstrated that power law relationships can be found between recognition, impact and collaboration and publishing size. It has also shown that there are power law relationships between publishing size and R&D expenditure or number of researchers. The exponent of the power law is sometimes greater than 1.0 indicating the existence of a "Matthew effect". Other times it is less than 1.0 indicating an "inverse Matthew effect".
Once a power law has between observed between two variables the exponent can be used to calculate a scale-independent indicator based on the ratio of the observed value of the dependent variable to the expected average value of the dependent variable for a given value of the independent variable. The use of scale-independent indicators in the evaluation of research performance might significantly change our understanding of the landscape of the relationship among participants in the research system. It may also help us account for the intricate dynamics of the national and international innovation systems.
What next?
Before suggesting a research agenda to explore the potential for further research in scaleindependent indicators here is an important warning. The scale-independent indicators that have been prepared in different sections of this paper are not comparable. For example sometimes citations were counted using a fixed citation window and other times they were counted using a variable citation window. In some instances papers were classified using ISI's overlapping subject categories or ISI's Current Contents journal. And finally sometimes papers were counted over a fourteen-year time interval while at other times they were counted using a five-year time interval.
Perhaps the first item on the research agenda should be to do a more rigorous comparison of the relationship between recognition and impact and size (a) across scientific fields within national science systems and (b) across national science systems within scientific fields using the traditional RCI indicator and the scale-independent ARCI indicator. Refereed papers should be classified into scientific fields using one scheme. Perhaps ISI's overlapping subject categories scheme might be the best because it has some interesting advantages that will not be discussed here. Citations should be counted using a 3, 4 and 5 year fixed citation window to reduce the affect of the varying rate at which citations accumulate using the variable citation window. This will allow us to investigate how the scale-independent nature of recognition varies with the width of the citation window. Also, counting papers and citations using a fixed window on an annual basis will facilitate time studies.
The second study on the research agenda might be to repeat the first study but restricting the analysis to internationally co-authored papers. This could facilitate a better understanding of the scale-independent relationship between the amount of international collaboration, and probably the impact of collaborative research, and the size of a science system.
Finally the scale-independent relationships recognition, impact, collaboration and size with other demographic and economic variables should be investigated.
Perhaps by building robust scale-independent indicators we might be able to gain a deeper understanding of the role that chaos theory and complexity play in the self-organising structures that seem to emerge from dynamic human activity. It might even help us to understand how to formulate scale-independent policies that might facilitate a reduction in some of the inequities that are found in society and yet nurture the evolution of other valuable scale-independent social processes. However, before we can do that we may need to construct many more robust social and economic data sets like ISI's citation indices to help us encapsulate the signature of dynamic human processes.
